Abstract: An understanding of the photochemical and photo-physical processes, which occur during photopolymerization is of extreme importance when attempting to improve a photopolymer material's performance for a given application. Recent work carried out on the modelling of the mechanisms which occur in photopolymers during-and post-exposure, has led to the development of a tool, which can be used to predict the behaviour of these materials under a wide range of conditions. In this paper, we explore this Non-local Photo-polymerisation Driven Diffusion model, illustrating some of the useful trends, which the model predicts and we analyse their implications on the improvement of photopolymer material performance. 66-70 (1999). 35. M. Toishi, T. Tanaka, K. Watanabe, and K. Betsuyaku, "Analysis of photopolymer media of holographic data storage using non-local polymerization driven diffusion model," Jpn.
Introduction
Photopolymer materials and the photochemical kinetics associated with them [1] [2] [3] [4] [5] [6] [7] have been studied extensively in both academia and industry due to the growing interest in applications involving photopolymers [8] [9] [10] [11] [12] . In order to maximise the potential of these materials for various applications, the necessity of a physically comprehensive theoretical model of the effects which occur during photopolymerization is becoming ever more important [1] [2] [3] [4] [5] [6] [7] [13] [14] [15] . The provision of such a model will enable potential trends in a material's performance to be recognized and utilized [16, 17] . This will allow simulations of various ratios of key material components to be made, yielding indications of the most suitable material compositions required to increase material performance.
In a recent set of publications by the authors [1] [2] [3] , significant steps have been made towards achieving the development of such a tool. This Non-local Photo-polymerization Driven Diffusion (NPDD) model provides a comprehensive theoretical representation of the processes, which occur during free radical photo-polymerization. Thus enabling predictions to be made in a physically realistic way about the behaviour of a number of different photopolymer materials [1, 2, 8, [18] [19] [20] , which possess very different material characteristics. In this paper, we examine in detail some of the predictions made by this NPDD model and analyse their impact on photopolymer material development.
This paper is structured as follows. In Section 2 we briefly present the photochemical reactions in a flowchart format followed by the subsequent coupled differential equations which constitute the NPDD model. Section 3 examines the various predictions made by the theoretical model. Simulations are used in order to illustrate the relevant behaviour, followed by analysis of their significance in terms of material development. A conclusion is then provided in Section 4.
NPDD model

Photochemical processes
The photochemical processes which take place during photopolymerisation are extremely complex [5, 13, 15, 16, [21] [22] [23] [24] [25] [26] and have been presented in detail elsewhere [1] [2] [3] . In order to save laborious repetition, a flowchart which succinctly summarises these processes is presented in Fig. 1 . These photochemical reactions are the foundation of the coupled differential equations which constitute the NPDD model, described in Sub-section 2.2.
In the flowchart, hν indicates the energy absorbed from a photon [3, 14, 26] , Dye is the ground state photosensitiser, 3 Dye* is the excited triplet state of the photosensitiser [3, 14, 27] , CI is the coinitiator or electron donor concentration, Z is the inhibitor concentration [3, 28] and M is the monomer concentration. R
• represents the primary radical concentration, HDye
• signifies a radicalised dye which has abstracted a hydrogen from the co-initiator, and Dihydro is the transparent form of the dye. 1 
M
• represents a chain initiator species and M n • represents a growing polymer chain of length n, with an active macroradical tip. The term 'Dead' signifies the cessation of the growth of a propagating chain [26] , while the term 'Scavenged' indicates the removal of a primary radical [1] [2] [3] 26] . The associated rates of reaction in Fig. 1 are; k a (s −1 ) the rate of production of excited state photosensitiser [3] , k r (s −1 ) the rate of recovery or regeneration of photo-absorber [14, 29] (mol/cm 3 ), the molar absorptivity, ε, and the layer thickness, d. T sf is a fraction which represents the amount of light lost from scatter and Fresnel reflections [14, 23] .
Coupled differential equations
In the case of holographic illumination of the photopolymer layer, there is a spatial distribution of irradiance which we assume to be co-sinusoidal and can be described as
where V is the fringe visibility and K = 2π/Λ, and Λ is the grating period. As a result of this spatial irradiance distribution, the photochemical reactions ( Fig. 1) which occur within the photopolymer will have a temporal and spatial dependence [3] , therefore inducing diffusion due to the presence of concentration gradients. The mechanisms which are presented in Fig. 1 can therefore be represented by a set of coupled differential equations which vary in time and space. Taking account of the mechanisms of initiation, propagation, termination and inhibition yields the following set of first-order coupled differential equations.
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As discussed earlier, the non-uniform irradiance distribution used to record holographic gratings causes concentration gradients which lead to the diffusion of molecules. Equations (7-9) all consist of a one-dimensional standard diffusion term representing the diffusion of their respective species, monomer, u (denoted earlier in the flow chart by M), polymer, N, and inhibitor, Z. Their diffusion coefficients (cm 2 /s) are D m , D N and D z respectively. It must be noted that in the analysis presented here, it is assumed that polymer diffusion effects are negligible, i.e., D N (x,t) = 0.
In Eq. (9) we have also included a term to represent the replenishment of inhibiting oxygen into the material layer from the surrounding environment, where τ z represents the rate of replenishment [3] . We note that it is assumed that the oxygen concentration which diffuses into an uncoverplated (not sealed) layer of the photopolymer can never be larger than the original concentration of dissolved oxygen present in the layer, Z 0 (mol/cm 3 ) and that this additive term is assumed to be spatially constant. The inhibition rate constants, k z2 and k z3 , will in general have different values (of reactivity) due to the differences in the relative molecular sizes reacting [26] . However in this analysis, for the sake of simplicity we treat k z = k z2 = k z3 . Furthermore the reactivity of oxygen with the excited state form of the photosensitiser will be much lower, i.e. k z1 << k z and therefore we assume it is negligible in this analysis.
In Eqs. (7) and (8) we see the presence of the non-local material spatial response function G(x,x ' ) given by:
which represents the effect of initiation at location x' on the amount of monomer polymerized at location x [6, 7] . In Eq. (10) σ is the constant non-local response parameter normalized with respect to the grating period, Λ. It is this non-local response parameter which determines the extent of nonlocal polymer chain growth and therefore a key factor in a photopolymer material's response at high spatial frequencies [31] [32] [33] .
In previous work [6, 7, 16, 21, 26] , it was assumed that polymerization responded instantaneously to changes in light intensity, i.e., that there was no temporal response and therefore no delay between initiation and polymerisation. This assumption results in an instantaneous cessation of polymerization when the exposure is stopped. However, it has been widely noted that under certain conditions a post-exposure grating amplification can be observed. This effect is caused by a combination of diffusion (material transport) and continued polymer chain growth post-exposure and is referred to as "dark reactions," or "post-exposure growth", [13, [34] [35] [36] . These effects are more easily observed in the case of short exposures and therefore have a significant effect on applications where short exposure times are used, such as optical data storage.
In the case of the kinetic model presented here, there is no necessity to impose a non-local temporal response function into Eq. (10) as was done in [13] . During short exposures in a monomer rich environment, the time varying production of primary radicals by photon absorption, react with abundant monomer molecules to create macroradicals. These macroradicals, which initiate polymerization, are still present in the material post-exposure. As a result they will continue to react with the monomer present giving rise to further polymerization. This process will continue until all macroradicals are exhausted by termination or inhibitory reactions [1] [2] [3] .
The kinetic model also accounts for the change in grating strength, which occurs when monomer diffusion becomes the dominant post-exposure mechanism (as seen in Fig. 3 in [13] ) [2] . This post-exposure monomer diffusion results in two simultaneously occurring effects, which cause a change in the refractive index modulation. First, the diffusion of monomer out of the dark regions causes a change in the refractive index of that region, which can either increase or decrease depending on the relative refractive indices of the monomer and the background material (matrix, co-initiator, dye). Secondly, the diffusion of the monomer into the exposed bright regions of the interference pattern will subsequently cause a change in the refractive index of that region. If there is a sufficient amount of unreacted macroradicals at this stage, an increase in polymerisation may occur due to the introduction of available monomer. However, as a result of the difference in the refractive indices between the monomer and polymer, some change in the refractive index of the region will occur. The combination of these two effects contributes to an overall change in the refractive index modulation post-exposure.
Since equations Eqs. (1-9), depend on the spatial distribution of the exposing intensity, they will all be periodic even functions of x and can therefore be written as Fourier series,
, where X represents the species concentrations, Dye, 3 Dye*, CI, HDye
, u, N and Z. A set of first-order coupled differential equations can then be obtained in the same manner that was presented in [1] [2] [3] by gathering the coefficients of the various co-sinusoidal spatial contributions and writing the equations in terms of these time varying spatial harmonic amplitudes. These coupled equations can then be solved using the following initial conditions, 
As in previous analysis the Fourier series expansion of the monomer and polymer harmonics yield the non-local spatial response function represented by
Upon closer inspection of the above set of first order coupled differential equations, it can observed that the NPDD model takes account of; i) non steady state kinetics, ii) spatially nonlocal polymer chain growth, iii) temporal non-locality and dark reactions, iv) spatial and temporal variations in photon absorption and primary radical production (material nonlinearity), v) simultaneous inclusion of the effects of both primary, i.e. R
• -M • , and bimolecular, i.e. M • -M • , termination, and vi) multiple inhibitory reactions. Using the NPDD model proposed above, we will now examine some of its predictions of the behaviour of an acrylamide based polyvinylalcohol alcohol (AA/PVA) photopolymer material in an attempt to gain insight into optimising such a photopolymer. The kinetic rate constants used in the following simulations lie within physical reasonable ranges previously reported in the literature [1] [2] [3] , in some cases unlikely extreme parameter values are used in order to illustrate potential trends.
Numerical predictions
A comprehensive review of the various photochemical models of free radical photopolymerization presented in the literature was recently published, highlighting the merits of each work and how these contributions have extended the understanding of the processes occurring during and post exposure [15] . The predominant emphasis of these works in terms of characterising material trends has been based on the response of the material to controllable physical recording conditions. These conditions include; the spatial frequency of the grating to be recorded [31] [32] [33] , the recording dosage used, the thickness of the material layer [25] , whether the grating is transmission or reflection type [37] , is slanted or unslanted [37] , and so on. To a lesser extent, some work characterising the photo-kinetic trends of a photopolymer have also been examined. One such example of this is the reduction of the nonlocal response of a material in order to improve a photopolymer's high spatial frequency response [6, 7, [31] [32] [33] .
In this paper we attempt to highlight specific trends predicted by the NPDD model, presented in Section 2, based on the possible values of the rates of reaction of the photokinetic processes occurring during illumination. From these trends, information about the optimal kinetic rates can be obtained, indicating potential alternative chemical components characteristics which would improve a photopolymers performance.
Kinetic parameter variation
As the coupled differential equations presented in Section 2 generate solutions of the temporal and spatial variations in the concentrations of the constituent components of the photopolymer, we convert these values into volume fractions in the same manner as that previously presented in the literature [2, 13, 31, 38] . Then using the Lorentz-Lorenz relation shown in Eq. (12) we relate these volume fractions and their associated refractive indices to the time varying refractive index modulation n 1 (t), where,
n m represents the monomer refractive index, n b the background refractive index, n p the polymer refractive index and n dark represents the overall refractive index of the photopolymer material before photo-polymerization. φ 1 (m) (t) and φ 1 (p) (t) are the time varying first harmonic volume fraction components of monomer and polymer respectively. In all simulations that follow, this procedure has been used to generate the refractive index modulation. The values for the refractive indices, volume fractions and concentrations of the components which constitute the AA/PVA photopolymer being examined are as presented in [1, 13, 31] .
We will now examine the effect of varying specific rate constants to determine their effect on the performance of this AA/PVA photopolymer. In all simulations it is assumed that; T sf = 0.79 and S 1 = 0.9. These estimated values are based on previous best fits obtained through numerical fitting of experimental growth curves of refractive index modulation and recording beam transmission and recovery curves [3, 14] . All values lie within reasonable ranges presented in the literature [26, [39] [40] [41] . Figure 2 shows a simulation of the saturated refractive index modulation, n 1 sat , of the AA/PVA photopolymer for various values of the propagation rate constant, k p [26] [40, 41] . The gratings are recorded at a spatial frequency of 1500 lines/mm at an incident intensity of I 0 = 1 mW/cm 2 . The bimolecular termination rate is fixed at k t = 6.0×10 9 (cm 3 /mols) and therefore as mentioned above, the primary radical termination rate, k tp = 6.0×10 10 (cm 3 /mols). As can be seen from the figure, the optimum performance of the scenarios examined here for the AA/PVA photopolymer material, occur in the small dashed line case where the monomer diffusion coefficient is fastest at D m0 = 1×10 −10 cm 2 /s and where the propagation rate constant lies within the range of 5.0×10 7 -1.0×10 8 cm 3 /mols. An interesting prediction of this simulation is the reduction in the refractive index modulation achievable when the propagation rate is increased past a certain threshold. This makes logical sense as we are effectively increasing the polymerisation rate while maintaining the same monomer diffusion coefficient for each of the cases examined. As a result we are reducing the sinusoidal purity of the grating which causes a reduction in the refractive index modulation achieved. As expected, this effect is compounded further by a reduction in the monomer diffusion rate, see D m0 = 1×10 −12 cm 2 /s (longest dashed line). However as can be seen from the figure, an increase in the monomer diffusion rate causes the limiting threshold of the propagation rate to increase. The observed physical effect is mirrored by those observed when there is a reduction in the reaction diffusion parameter,
proposed by Zhao and Mouroulis [16] , where D m0 represents the monomer diffusion coefficient, F 0 the polymerisation rate constant, (proportional to the recording intensity, I 0 ), and K = 2π/Λ, with Λ as the grating period. In this case, for the same monomer diffusion coefficient, an increase in the recording intensity causes a direct increase in the polymerisation rate constant, effectively reducing the reaction diffusion parameter, R. This effect is exacerbated by any reduction in the monomer diffusion coefficient. As has been reported repeatedly in the literature [6, 7, 16] , a reduction in the value of R leads to a suppression of the amplitude of the first order refractive index modulation and an increase in the magnitude of higher grating harmonics. This ultimately causes a reduction in the overall grating strength, following the trend shown Fig. 2 .
The predictions presented in Fig. 2 highlight the engineering capability provided through use of the NPDD model. As mentioned earlier, the majority of theoretical models presented in the literature can only predict the trends offered by changes in the physical recording conditions, such as the recording intensity or the spatial frequency of the grating recorded. However, the NPDD model presented here predicts the effects of changing both the photochemical and physical processes. In order to illustrate the compatibility and generality of the predictions of the NPDD model to the predictions of earlier theoretical models, Fig. 3a and 3b show the variation of the refractive index modulation at different spatial frequencies when the exposure intensity I 0 mW/cm 2 and monomer diffusion rate D m0 cm 2 /s are changed respectively. Figure 3a shows the saturated refractive index modulation, n 1 sat , over a range of spatial frequencies for various values of recording intensity, I 0 = 0.5 mW/cm 2 (long dashed line), I 0 = 1.0 mW/cm 2 (dashed line), I 0 = 2.0 mW/cm 2 (short dashed line), and I 0 = 3.0 mW/cm 2 (shortest dashed line). In this simulation the monomer diffusion coefficient was fixed at D m0 = 1 × 10 −10 cm 2 /s with k p = 2.6 × 10 7 and k t = 6.0 × 10 9 . As can be easily seen from the figure, a reduction in the recording intensity causes an increase in the refractive index modulation achievable for all spatial frequencies examined. The low spatial frequency roll off can be observed as a consequence of insufficient monomer diffusion across the larger grating periods, which is also a result predicted using the reaction diffusion parameter discussed above. We also note the presence of the high spatial frequency cut-off which arises due to non-local effects, including polymer chain growth into the dark regions of the interference pattern. In both Figs. 3a and 3b, the nonlocal response length was assumed to be σ = 25 nm. −12 cm 2 /s (longest dashed line). In this figure the recording intensity used was I 0 = 1.0 mW/cm 2 . As expected we see that an increase in the monomer diffusion coefficient causes an increase in the achievable refractive index modulation over the spatial frequencies examined. We note that this is again consistent with an increase in the reaction diffusion parameter, R, which results in an increase in the refractive index modulation. Another trend which can be observed from the figure is the shift in the optimum performance of refractive index for each of the diffusion coefficients examined. In the longest dashed line scenario for D m0 = 1×10 −12 cm 2 /s we see that the maximum refractive index modulation achieved is at approximately 2500 lines/mm, whereas for the small dashed line case where D m0 = 1×10 −10 cm 2 /s the maximum refractive index modulation occurs at around 1200 lines/mm. This prediction is reasonable as there is a direct relationship between the monomer diffusion rate and the amount of monomer expected to diffuse from dark to bright regions.
Returning to our examination of the predictions of the model in relation to the photochemical processes, Fig. 4 shows the variation in saturated refractive index modulation, n 1 sat , of the AA/PVA photopolymer for various values of the bimolecular termination rate constant, k t . These values all lie well within physically reasonable values [26] . As in the case of (cm 3 /mols). As can be seen from the figure, the optimum performance of the scenarios examined here, occur in the small dashed line case where the monomer diffusion coefficient is fastest at D m0 = 1×10 −10 cm 2 /s and where the bimolecular termination rate constant lies within the range of 8.0×10
8 -2.0×10 9 cm 3 /mols. As expected, an increase in the bimolecular termination rate past some optimal value results in a reduction in the number of macroradicals available for chain propagation and hence results in the generation of a lower polymer concentration, leading to a drop in the refractive index modulation achieved. We also note that at relatively low values of k t , the effective rate of polymerisation will increase to some critical point after which there is a decrease in the magnitude of the first order of refractive index modulation and an increase in the magnitude of the higher grating harmonics amplitudes. This again reflects the behaviour predicted by the reaction diffusion parameter discussed above, and will ultimately cause a reduction in the overall grating strength as seen in Fig. 4 . In order to further investigate the impact of the variations of these kinetic parameters on photopolymer performance, we now examine the behaviour of the rate of polymerisation, R p , as a function of the monomer conversion, while simultaneously observing the time variation of the refractive index modulation, n 1 (t). The monomer conversion is defined as
, where u 0 (t) is the zeroth harmonic of the monomer concentration and U 0 is the initial monomer concentration. We begin by examining the effects of varying the propagation rate, k p , while keeping the bimolecular termination rate fixed at k t = 6.0×10 9 cm 3 /mols and the monomer diffusion coefficient fixed at D m0 = 6.0×10 −11 cm 2 /s. Figure 5a shows the variation in the polymerisation rate as a function of the monomer conversion for; k p = 2. ], the overall trend observed in the figure is reasonable. Increasing the propagation rate causes an increase in the polymerisation rate, while decreasing the propagation rate causes a decrease in the polymerisation rate and consequently a drop in the amount of monomer which is converted to polymer.
If we now examine Fig. 5b , which illustrates the corresponding refractive index modulation growth curves for the values of the propagation rate constants presented in Fig.  5a , we see that increasing the propagation rate from k p = 2.6×10 7 cm 3 /mols (red asterisk) to k p = 1.0×10 8 cm 3 /mols (green dots) causes an increase in the maximum refractive index modulation achieved. However, increasing the propagation rate further to k p = 2.6×10 8 cm 3 /mols (blue circles), we see the expected increase in the polymerisation rate but we also observe a decrease in the refractive index modulation achieved. This is consistent with the predictions made in Fig. 2 , where an increase in the propagation rate above a certain threshold ultimately reduces the sinusoidal purity of the grating formed and therefore causes a reduction in the refractive index modulation achieved.
Examining the effects of reducing the propagation rate below the critical threshold of optimal performance, i.e., k p = 1.5×10 7 cm 3 /mols (pink triangles), sees a reduction in the polymerisation rate and a reduction in the magnitude of the refractive index modulation reached, as shown in Fig. 5b . This decrease in propagation rate causes a lower amount of polymer to be produced, which will automatically cause a reduction in the refractive index modulation achieved, see Eq. (12) . Following the peak index modulation value reached there is a decay in the grating strength as the exposure time is increased further. This is attributed to the diffusion of monomer which is polymerised, but causing an increase in the magnitude of the higher grating harmonics, reducing the sinusoidal purity of the grating formed and hence a further reduction in the first harmonic of refractive index modulation.
We also note from Fig. 5a , that as the propagation rate is increased, the maximum polymerisation rate reached occurs at higher values of monomer conversions. This will have a significant effect on the refractive index modulation achievable as the mobility of monomer diffusing from the dark regions of the interference pattern will be reduced as the material viscosity increases in the exposed regions following increased monomer conversion.
Figures 6a and 6b show the effects of varying the bimolecular termination rate, k t , on the polymerisation rate and the associated growth curves of refractive index respectively. In these figures the propagation rate is fixed at k p = 2.6×10 7 cm 3 /mols and the monomer diffusion coefficient fixed at D m0 = 6.0×10 −11 cm 2 /s. As expected, a reduction in the bimolecular termination rate will cause an increase in the polymerisation rate, while an increase in bimolecular termination will cause a reduction in the polymerisation rate. From Figs. 6a and 6b we see that reducing the bimolecular termination rate from k t = 6.0×10 9 cm 3 /mols (red asterisk) to k t = 1.5×10 8 (green dots) results in an increase in the polymerisation rate and an increase in the refractive index modulation achieved. Reducing the bimolecular termination rate further to k t = 1.5×10 7 cm 3 /mols (blue circles) sees an increase in the polymerisation rate but a slight reduction in the refractive index modulation obtained. This is consistent with the predictions of Fig. 4 where an optimal region exists and reducing the bimolecular termination rate below this critical point will result in a decrease in the magnitude of the refractive index modulation due to an increase in the magnitude of the higher order grating components. Once again reflecting the prediction of the reaction diffusion parameter R [6, 7, 16] , where increasing the polymerisation rate above a certain value will effectively reduce the grating strength.
If we now examine the case when the bimolecular termination rate is further increased to k t = 1.8×10 10 cm 3 /mols (pink triangles), we see that the polymerisation rate is reduced and corresponding the maximum refractive index achieved is reduced. This follows the predictions presented in Fig. 4 , where an increase in bimolecular termination leads to a reduction in the concentration of macroradicals available for polymerisation, resulting in an overall reduction in the polymer concentration and hence a reduction in grating strength. Following the maximum of the refractive index modulation reached for k t = 1.8 × 10 10 cm 3 /mols (pink triangles) seen in Fig. 6b we see a decay in the growth curve. This decay is observed as a result of the low index monomer diffusing into the bright regions and as there is a depleted macroradical concentration, the monomer is not polymerised. Therefore this results in a decrease in the local refractive index and hence a reduction in the overall refractive index modulation.
Once again it must be noted that varying the photo-kinetic rate constants, in this case the bimolecular termination rate, causes the maximum polymerisation rate to occur at different monomer conversions. Therefore, as mentioned above, the effects of material viscosity will therefore play an important role in determining the maximum achievable grating strength.
Conclusions
With the constant development and increased complexity of theoretical models describing the photo-chemical effects taking place in photopolymers, it is often necessary to take a step back and analyse the various predictions being made. In this paper, the authors have examined, in detail, some of the predictions of the most recent Non-local Photo-polymerisation Driven Diffusion model, which is a culmination of decades of work in the area of photopolymer modelling. As a result, this paper has illustrated some trends of practical importance when attempting to optimise the performance of a photopolymer material. As various types of monomer have diverse chemical and structural characteristics, knowledge of the characteristics required when choosing a monomer offers an informed choice to yield specific improvements in material performance. The implications of the predictions presented suggest that utilising a monomer with a large propagation rate constant and low bimolecular termination rate will produce a higher refractive index modulation. Furthermore, it is also desirable to have a monomer with high mobility, i.e., a fast diffusion rate, in order to increase the dynamic range of the photopolymer and to maximise the index modulation achievable. As highlighted in this paper, if the propagation rate is too large, or bimolecular termination rate is too small, the optimum refractive index modulation will not be obtained. These deleterious effects are compounded further by increased material viscosity as a result of polymerisation.
